Pyroclastic deposits on Anafi Island, Cyclades, Greece, were initially related to the Minoan eruption (1613 BC), but later geochemical studies favored an older chronology that points at the Lower Pumice eruption of Santorini (172 ka). Here we attempt through OSL dating to provide a minimum age by dating sand-sized quartz from colluvium overlying the deposits. The chronological results excluded the possibility of being Minoan.
Introduction
The Anafi Island, 30 km east of Thera, has been intensively investigated for the presence of pumice deposits related to the Minoan explosive activity of Thera's volcano (Keller 1980 (Keller , 1996 Francaviglia 1990; Marinos 1963) . The 'Minoan' eruption, occurred in the seventeenth century BCE (1627-1600 BCE, Friedrich 2013) and had widespread impacts on the civilization of the Aegean and Eastern Mediterranean (Marinatos 1939; Nixon 1985; Doumas 1990) .
At the beginning of the Late Bronze Age (LBA), major civilizations had flourished in the region: The Minoan culture in Crete and Dodecanese, the Hattian, Hittite, Assyrian and Luwian kingdoms in Asia Minor (Collins 2007) and Egypt were undergoing the transition from the Middle to the New Kingdom (Ryholt 1997) . The Minoan eruption showered tephra over these major archeological sites of the Eastern Mediterranean and might have had intense impacts on them.
The tephra dispersion modeling (Bonadonna et al. 2005) or geostatistics (Athanassas et al. 2018 ) have been used to predict the thickness and spread of the Minoan tephra in adjacent areas. Some deterministic models (Sewell 2001) have shown that the dispersal of Minoan tephra had a W-E trend, while a geostatistical prediction map (Athanassas et al. 2018 ) suggests a NE-SW axis stretching from approximately the Bosporus to the eastern tip of Crete, and exhibits an eastward drift away from Santorini as far as Central-Western Anatolia. Recent studies in western Turkey certified the most eastward occurrence of Minoan tephra on land and the first in continental deposits except from lacustrine sediments (Sulpizio et al. 2013) .
The Anafi Island could be a key site for the dispersal of Minoan tephra as it is the most nearby island of Santorini. Despite its proximity, only a few spots with pyroclastic deposits have been found on the island. Therefore, the same situation is expected to be observed in adjacent islands, such as Melos, Astypalaia, Ios, etc. The occurrence of tephra layers of the Minoan eruption on Rhodes, Kos and western Turkey (Doumas and Papazoglou 1980; Keller 1980; Eastwood et al. 1999) , suggests that Anafi must have been covered by Minoan tephra, which was probably eroded and swept away afterwards (Keller et al. 2014) .
In recent years, a debate has sparked regarding the relation of the Anafi deposits to the Minoan eruption. In early 1960s Marinos (1963) and later McCoy and Dunn (2002) associated the thick pumice deposits on Anafi with the Minoan eruption, suggesting "a far larger (Minoan) eruption than previously thought". On the contrary, Francaviglia (1990) and Keller et al. (2014) , after geochemical determination of glass composition by electron microprobe analysis on the samples from Anafi, pointed out a strong geochemical similarity with those analyzed from LP2 eruption of Thera at 172 ka, as has been determined by Druitt et al. (1999) , excluding any correlation with the Minoan eruptive phase. The deposits of the Lower Pumice eruptions are noticeable in the caldera cliffs of central and southern Thera (Gertisser et al. 2009) . A definite comparison of the composition of pumice glass with major eruptive events of Thera, gave a strong correlation of the pumice deposits in eastern and western Anafi, and their correlation with the proximal Plinian LP2 deposits in the caldera wall of Thera.
In this paper, we attempt to settle the debate of the tephra chronology on Anafi on the basis of numerical dating and specifically by applying the OSL dating method to colluvial deposits that bracket the pumice deposits, reported by McCoy and Dunn (2002) and Keller et al. (2014) . As the underlying layers on which the pyroclastic deposits have been deposited are not exposed in the studied sections, OSL dating was limited to the alluvium layers which directly cap onto the pyroclastic deposits. It is noted that it is the first time that the pyroclastic deposits of Anafi will be chronologically constrained, providing indirectly the provenance (Minoan or of an earlier eruptive phase) of the pyroclastic deposits.
Geological setting
Anafi is a non-volcanic island, located ca. 30 km east of Santorini, with the geological structures differing from other islands of the Hellenic Arc in some essential aspects. Regardless of its position at the center of the volcanic arc, no important volcanic activity has so far been reported, except some recent field observations and petrological studies confirming the existence of Neogene or Pleistocene volcanism on the island (Leichmann and Hejl 2006) related to an extensional basin, which became filled with siliciclastic sediments and to a lesser extent by volcanogenic deposits.
Anafi is located at the southeastern edge of the Atticocycladic metamorphic core complex, north of the Cretan back-arc basin. It shows a remarkable lithological variety, consisting mainly of metamorphosed and non-metamorphosed Alpine units, as well as post-Alpine sediments (Soukis and Papanikolaou 2004) .
According to Melidonis (1963) and Boger (1983) , the major tectono-stratigraphic units of the island from the base to the top consist of: (a) Paleogene flysch, (b) a series of greenschists, (c) high-temperature metamorphic rocks with intrusions of granites and (d) fluvial and lacustrine deposits of Pliocene to Pleistocene age, comprising the sedimentary Theologos formation (Vorwerk 1979) (Fig. 1) . 
Materials and methods
Our field survey aimed to collect samples from two pumice deposits on Anafi, already studied by Keller et al. (2014) and McCoy and Dunn (2002, 2004) at Prassa and Vounia. Specifically, Prassa (36°22.350′N//25°44.640′E) is located in the western part of the island and Vounia (36°21.960′N//25°47.700′E) in the central-east part of the island, about 4 km east of the previous site (Fig. 2) .
At Prassa, along a new road-cut, the pyroclastic deposit is exposed for about 10 m and has a thickness of 1-1.5 m. This deposit is stratified and subdivided into three units (Keller et al. 2014) : (a) the lowest, a white layer of pumice, well sorted, with a thickness of 5 cm and maximum pumice diameter of 1 cm; (b) in the middle a 35-cm-thick, white, non-stratified layer and (c) the upper, consisting of a gray, poorly sorted layer of pumice ~ 40 cm thick with maximum pumice (MP) diameter of 5 cm and maximum lithic size (ML) of 4 cm.
Vounia is located in the southeastern part of the island and at about 250 m a.s.l. These deposits are subdivided into two main units: (a) the lower part consisting of wellsorted fine grain gray pumice and the upper one, consisting of white pumice poorly sorted. Colluvial deposits cover the pumice unit.
Since this work is aiming at delivering a date for the termination of the pyroclastic sequence, the reader is referred to (Keller et al. 2014, Fig. 6 ) for a detailed description of stratigraphy.
We collected two samples for OSL dating from the colluvial deposits that cover the pumice layer (Fig. 3a, b) , as the base of the pumice deposits is not exposed in the section. These deposits are relatively sorted, with significant grain-size variation and lightly oriented coarse fragments, mainly composed of laminated bands, fluctuating with non-laminated intervals. The surface horizon is covered by new colluvial deposits, indicating that the site has undergone fluctuating phases of geomorphodynamic instability and stability, such as phases of land use including colluvial deposition and phases of no land use with typically natural vegetation cover (Henkner et al. 2018) .
The eligibility of OSL dating on colluvial deposits is shown in numerous studies (Fuchs and Lang 2009; Kadereit et al. 2010; Fuchs et al. 2011 ) despite cases of partial bleaching. Partial bleaching is usually due to limited exposure of sediment grains to daylight because of rapid transport of slope deposits or low-luminescence sensitivity of quartz in many lithologically immature deposits. Τo avoid modern bleaching by bioturbation, soil material from the upper 50 cm of the profiles was not sampled for OSL dating (Lang and Hönscheidt 1999) .
The sample preparation was carried out at the Department of Geology and Geoenvironment, University of Athens, and aimed at extracting quartz grains from the sampled colluvial.
Pure quartz grains were separated according to standard preparation procedures (e.g., Athanassas 2011) that involve treatment with (i) 10% hydrochloric acid to extract calcite minerals; (ii) 20% hydrogen peroxide (to remove any amount of organic matter); (iii) sieving to isolate grains of sizes ranging between 125 and 212 μm; (iv) density separation using sodium polytungstate (with densities of 2.769 and 2.62 g cm −3 ) to separate quartz grains from the feldspathic content) hydrofluoric acid (40%) etching to remove OSL measurements were carried out at the OSL dating laboratories at CEREGE, Aix-Provence, France, and the Archaeometry Center, University of Ioannina, Greece. Equivalent doses were estimated using the standard single aliquot re-generated (SAR) dose protocol by Murray and Wintle (2000) , while for the estimation of the dose rate, measurements of U, Th and K were conducted by ICP-MS and then converted to dose rate units (Gy/ka) using conversion factors by Guerin et al. (2011) .
Weighted histograms (Figs. 4, 5) demonstrate a broad distribution of the equivalent dose. The weighted histograms were plotted using 24 successful (i.e., recycling between 0.9 and 1.1, recuperation < 10%) aliquots per sample. Weighted histograms are preferred over ordinary histograms because they take into account the uncertainty appended on Fig. 3 a, b Sampling sites for OSL dating at Vounia (up) and Prassa (down) Fig. 4 Weighted histogram of broad distribution of the equivalent dose of Prassa individual aliquots. Moreover, the equivalent dose for Prassa seems to consist of two populations, suggesting mixture with less bleached quartz grains.
In the case of significant skewness of the equivalent dose distribution, a minimum age model (Cunningham and Wallinga 2012) was used. Skewness can result from partial bleaching, e.g., by bioturbation. When incompletely reset grains get involved, the De specific to population representing the event can be estimated by the 'minimum age model' (Galbraith et al. 1999; Galbraith and Roberts 2012) . This statistical basis was used for the samples measured here to calculate equivalent doses, as most representative of the deposition as possible.
A typical natural OSL signal (decay curve) of one of the samples measured here and its associated growth curve is shown in Fig. 6 . 
Discussion
The results derived by the application of OSL dating, demonstrated that the colluvium above the pumice deposition at Prassa was dated about 21 ka and in Vounia about 30 ka.
It is clearly noticed that the pyroclastic deposits could not be of Minoan origin, as proposed by McCoy and Dunn (2002) and that the colluvium sediments, cover over eruptions preceding the Minoan. Since there is no facility to access to the base of pyroclastic deposits, these ages could be considered as minimum ages for the pyroclastic deposition.
The OSL dates of Prassa and Vounia both well predate the Minoan eruption. Despite the fact that the OSL age of Prassa seems to be concordant with the Cape Riva eruption (21.8 ± 0.4 ka; Druitt et al. 1999) , we refrain from relating the deposits to the latter, as the underlying volcanic deposits could be indefinitely older, if a hiatus has occurred. Since sediment deposition is controlled by local factors (i.e., topographic gradient, clastic material supply, type of parent rock, precipitation rate, etc.), initiation of colluvium deposition could be non-simultaneous, accounting for the difference between the two ages. Keller et al. (2014) , based on their geochemical analysis on these deposits, excluded the possibility of being related to the Minoan or Cape Riva eruption. An element-by-element (Keller et al. 2014 ). Additionally, measurements of FeO, which for Anafi's samples showed an average composition of 2.56 and 2.79 wt%, excluded any possibility for Cape Riva eruptive phase (22 ka), where FeO rates fluctuate around ~ 3.5 wt% (Druitt et al. 1999 ). However, other chemical analyses of FeO from Cape Riva eruption on tephra layers from the Black sea fluctuate between 3 and 3.3 wt% (Wulf et al. 2002) . These assertions identify both deposits with the Lp2 eruptive activity of Santorini and can be questioned, since they are based exclusively on small geochemical variations of SiO 2 and FeO. The Minoan provenance of tephra is also excluded by Keller et al. (2014) because of its high SiO 2 content (~ 73.81 wt%) compared to Anafi's deposits which range between 71.55 and 72.17 wt%. Despite the fact that these differences are small, and within the limit of the statistical error, other analyses on Minoan tephra deposits estimated SiO 2 content lower than 73 wt%, between 68.91 and 69.49% (Warren and Puchelt 1990; Vitaliano et al. 1990; Francaviglia 1990) . Cape Riva (CR) eruption unleashed several km 3 or more of magma, generating four eruption units: a basal Plinian fall deposit (CR-A) and three pyroclastic flow deposits (CR-B to CR-D upwards). CR-B and CR-D are welded ignimbrites (Druitt 1985) . It tapped a zoned magma chamber containing rhyodacite overlying andesite and produced a rhyodactic tephra (Wulf et al. 2002; Druitt 1985) . It is already recorded in deep-sea sediments from the Black Sea (Kwiecien et al. 2008) , the Marmara Sea (Wulf et al. 2002) , the Aegean Sea, in eastern Mediterranean deep-sea sediments near western Cyprus (Wulf et al. 2002) ; in Tenaghi Philippon in Greece (Seymour et al. 2004 ) and in lake Iznik in Turkey (Roeser et al. 2012) .
In order to check the geochemical similarity of Anafi's deposits with other pumice-generating eruptions, a spider plot of major elements was constructed (Fig. 7) . Although most of the spider plots on tephra deposits are based on Chondrite-normalized REE diagrams (Boynton 1984) obtained through LAICP-MS analysis (Pearce et al. 2002; Sulpizio et al. 2013) or on MORB-normalized trace elements diagrams obtained through XRF analysis (Aydar et al. 2003) , the analyzed deposits from Anafi Island (Keller et al. 2014) have been done by microprobe analysis (EPMA) on major elements. Usually, spider plots based on major element analyses are normalized to upper continental crust (UCC) patterns, but mainly for sedimentological formations (Ling et al. 2014) and not for deposits of volcanic origin. Thus, any attempt of normalization of Anafi's pyroclastic deposits to UCC standard would be precarious. So, we had no choice but to normalize all the above-mentioned geochemical analyses from the eruptive phases of Santorini's volcano to Keller et al. (2014) average glass compositions from Anafi. Our normalized results can contribute to the direct comparison between the several eruptive events of Santorini with the pyroclastic deposits of Anafi Island (provided as vertical deviations in the x-axis). Careful observation of the chart could prove that the deposits of LP2 eruption phase are slightly different, geochemically speaking, from Anafi's measurements comparing with other eruptive phases of Santorini.
According to our new chronological framework from the two sites at Vounia and Prassa, we conclude that tephra deposits in Anafi could not be of Minoan origin as McCoy and Dunn (2002) have suggested, given that the age of the stratum above is about 21 ka. The absence of Minoan pyroclastic deposits has also been confirmed in neighboring islands of Santorini.
On the other hand, we could not unquestionably exclude its LP2 origin as suggested by Keller et al. (2014) , as we did not date the base of pyroclastic deposits. If one attempted to refute McCoy and Dunn (2002) theory in favor of the LP2 origin in Anafi proposed by Keller et al. (2014) , based exclusively on subtle deviations between the Minoan deposits in Santorini and the pyroclastics in Anafi, would be precarious, since the deviations in the same data for the same explosion (Minoan) from other analyses (e.g., Vitaliano et al. 1990 ) are quite different. On the other hand, the field characteristics of tephra deposits, such as the stratigraphy that matches the sub-units of LP2 identified in the proximal deposits in the Santorini cliffs, their color, thickness and the (rare) occurrence of mafic cauliform blebs, could be correlated with LP2 eruption.
We come here with an independent and pure geochronometric approach to definitively exclude their Minoan origin. This work is useful inasmuch as it reinforces a pre-Minoan age of these deposits on the basis of numerical chronology enhancing the qualitative character of former field observations (Keller et al. 2014 ). More filed observations, geochemical and chronological analyses on pyroclastic deposits are needed, for the more efficient determination of their provenance and for the better understanding of the effects of Minoan eruption in the Aegean and eastern Mediterranean.
Conclusions
This research is innovative, as it attempted the chronological determination of pyroclastic deposits in the Anafi Island and the clarification of the effects of Minoan eruption on the island. According to our results stemming from OSL dating on colluvial sediments covering pyroclastic deposits, we excluded any possibility of them being Minoan, since the age of the colluvium deposition is about 21-30 ka. Thus, it appears that the deposition of tephra is much older than 20 ka. The conclusion that we want to convey is that, based on OSL dating, these deposits ought to be pre-Minoan (be it LP2 or other). More geochemical and chronological analyses on tephra deposits are needed to clarify their provenance.
